Purpose In planning for a potentially curative resection of the epileptogenic zone in patients with pediatric epilepsy, invasive monitoring with intracranial EEG is often used to localize the seizure onset zone and eloquent cortex. A precise understanding of the location of subdural strip and grid electrodes on the brain surface, and of depth electrodes in the brain in relationship to eloquent areas is expected to facilitate pre-surgical planning. Methods We developed a novel algorithm for the alignment of intracranial electrodes, extracted from post-operative CT, with pre-operative MRI. Our goal was to develop a method of achieving highly accurate localization of subdural and depth electrodes, in order to facilitate surgical planning. Specifically, we created a patient-specific 3D geometric model of the cortical surface from automatic segmentation of a pre-operative MRI, automatically segmented electrodes from post-operative CT, and projected each set of electrodes onto the brain surface after alignment of the CT to the MRI. Also, we produced critical visualization of anatomical landmarks, e.g., vasculature, gyri, sulci, lesions, or eloquent cortical areas, which enables the epilepsy surgery team to accurately estimate the distance between the electrodes and the anatomical landmarks, which might help for better assessment of risks and benefits of surgical resection. Results Electrode localization accuracy was measured using knowledge of the position of placement from 2D intraoperative photographs in ten consecutive subjects who underwent intracranial EEG for pediatric epilepsy. Average spatial accuracy of localization was 1.31 ± 0.69 mm for all 385 visible electrodes in the photos. Conclusions In comparison with previously reported approaches, our algorithm is able to achieve more accurate alignment of strip and grid electrodes with minimal user input. Unlike manual alignment procedures, our algorithm achieves excellent alignment without time-consuming and difficult judgements from an operator.
of children with epilepsy do not respond to the anti-epileptic drugs (AEDs) currently available [3, 4] . Pediatric epilepsy is especially challenging because of the heterogeneity of focal seizure onset locations and the wide range of regions that may present as ictal onset zones. When a child's seizure disorder is medically refractory, despite adequate trials of AEDs, other treatment options including epilepsy surgery must be explored. Early surgical resection is a promising intervention for pediatric epilepsy [5] . Surgical resection of the ictal onset zone and disruption of the epileptogenic network of the brain are designed to prevent or minimize the recurrence of seizures after surgery. Patients with a focal seizure onset zone and pharmacologically intractable seizures are frequently excellent candidates for surgery, but it is often challenging to identify the extent of the epileptogenic zone, and the location and extent of eloquent cortical areas.
The International League Against Epilepsy (ILAE) developed standards for epilepsy surgery and established criteria for the evaluation of children for epilepsy surgery [6] [7] [8] .
Our institution follows a clinical workflow for patients with epilepsy, which is compatible with the ILAE established standards. In our institution, pediatric patients with focal epilepsy usually undergo an initial assessment with scalp EEG followed by additional assessment of seizure localization, including neuroimaging and nuclear medicine studies ("Phase I"). This evaluation aims to localize the region of the brain from which seizures arise. To this end, EEG electrodes are placed on the scalp in order to capture seizures and interictal EEG findings. EEG recordings are then discussed in an epilepsy surgery conference (ESC) to lateralize and localize the ictal onset areas and discuss the possible functional risks of a surgical resection. Epileptic foci are frequently difficult to localize during scalp EEG, and in cases of potential overlap with eloquent areas, patients frequently undergo intracranial EEG (iEEG), referred to as a "Phase II" evaluation, in which invasive EEG electrodes are placed in or over the brain to pinpoint seizure onset region [9, 10] and to determine regions of functional importance during cortical stimulation. Several types of electrodes are implanted inside the cranium, including subdural strip/grid electrodes consisting of electrodes mounted on a thin sheet of plastic and placed on the cortical surface, and depth electrodes consisting of electrodes attached to flexible wires and then inserted in the vicinity of an expected seizure onset zone, such as in a focal cortical dysplasia or gray matter (GM) heterotopia. After electrode placement, the ictal and interictal electrical activity is monitored for typically 5-7 days. The iEEG often demonstrates, in many instances, the irritative and ictal onset zones well [11, 12] .
In our routine clinical practice, an ESC is convened to discuss potential surgical candidates, to evaluate the full spectrum of data available for each patient, and to arrive at a consensus plan for optimal treatment based on the expertise of neurologists, neurosurgeons, radiologists, neuropsychologists, and nursing and social work staff. Seizures and normal function in any particular patient may be evaluated with several of a wide range of techniques, including video-EEG for characterization of seizure semiology, MEG, transcranial magnetic stimulation, PET, inter-ictal and ictal SPECT, anatomical MRI, functional MRI, diffusion MRI, and metabolic assessment with MRS. When concordance from a range of techniques indicate a focal epileptogenic zone, and that zone can be localized, surgical resection of the zone is associated with long-term reduction in seizures [11] [12] [13] .
One of the primary localizing modalities is iEEG. When there is a focal epileptogenic zone, selected events (such as seizures and spikes) are identified with particular electrodes, and this provides data for planning the margin of the resection [14] . Surgical planning has been largely based on clinical notes, sketches, and 2D radiographic images that depict, for example, white matter (WM) pathways and cortical GM landmarks to help localize the seizure onset zone or zones of the brain. However, these images simply cannot transfer onto the actual 3D geometry of the brain. This renders electrode locations ambiguous, at best, and hampers a clear understanding of the precise anatomical localization of electrodes. This hinders a clear assessment of the risks and benefits of intervention. Indeed, surgical planning of potentially curative resections is often restricted by the lack of reliable localization data. To address these limitations of existing practice, we have developed an innovative, computationally driven approach to electrode localization that facilitates a clear understanding of the position of electrodes and readily enables communication and visualization of the localization information to all clinicians involved in each case.
It is desirable to precisely identify the position of the iEEG electrodes with respect to a pre-operatively acquired MRI. The pre-operative MRI provides a convenient reference frame for the localization of eloquent cortex with functional MRI, for WM pathways from diffusion imaging, and for the visualization of vasculature. This MRI describes the geometry of the patient's brain prior to placement of the electrodes. The position of the electrodes and brain anatomy may be identified with a number of imaging modalities, each of which has some advantages and some disadvantages. For example, despite having poor soft tissue contrast, postoperative computed tomography (CT) images are commonly used for electrode localization [15] [16] [17] [18] [19] because electrodes can be easily localized in 3D CT images, as opposed to 2D radiographic images [20] . In addition, CT shows relationships to bony landmarks (such as the edge of the craniotomy) very well. While post-operative MRI scans are also sometimes used for localization [21] [22] [23] , and MRI has excellent soft tissue contrast, such MRI may suffer from inferior quality due to magnetic susceptibility artifacts at the position of electrodes that are manifested as black holes obscuring the underlying anatomy [24] [25] [26] . In addition, the short duration of a CT scan may be preferred to the longer duration of an MRI scan, because of the fragile post-operative condition of a patient with seizures. Furthermore, at our institution, we frequently use an intracranial pressure (ICP) monitoring device that is not MRI compatible and is a contraindication for MRI.
A significant challenge, in achieving accurate electrode localization with respect to the pre-operative MRI, lies in estimating soft tissue deformation that occurs post-operatively. Soft tissue deformation, also known as brain shift, occurs due to several factors that include brain swelling, drainage of cerebrospinal fluid, and surgical intervention [27] . Nabavi et al. [28] reported brain shift of up to 25mm after craniotomy. As reported in several other studies, electrode localization can be improved by accounting for brain shift [29] [30] [31] [32] . Several algorithms have been proposed to compensate for brain shift. When both pre-operative and intra-operative or postoperative MRI are available, biomechanical properties of the brain can be characterized through a finite element model, and three-dimensional volumetric brain shift displacement can be accurately estimated by solving an optimization problem that balances measurements of displacements of image features with a biomechanical model of soft tissue deformation [33] [34] [35] [36] .
Some other recent studies project the grid electrodes onto the pre-operative cortical surface, in order to compensate for brain shift. Dykstra et al. [15] minimizes an energy function based on interelectrode distance as well as global electrode configuration for CT-MRI registration and projection of the strips/grids on the pre-operative cortical surface, but their method needs significant time for the manual localization of the electrodes on the co-registered CT; and Yang et al. [26] minimize an energy function to project the corners of a rectangular grid of electrodes onto the cortical surface. However, they cannot localize grids that are bent or cut during implantation and cannot localize the strip electrodes. Tao et al. [18] find the electrode positions on the cortical surface by interactive manual transformation from CT to MRI images, but this might increase the subjectivity of the transformation and introduce wrong electrode projection. LaViolette et al. [17] compare the CT electrode coordinates with the intra-operative electrode coordinates measured with operating room navigational equipment at the time of resection, but due to the limitations of the navigational unit, the brain shift analysis cannot be done in real time in the operating room, which makes the method of limited use. Hermes et al. [16] project each grid electrode to the point on the cortical surface in the direction of the local norm vector of the electrode grid. They also estimate the displacement of the strip electrodes after brain shift by projecting strip electrodes onto the closest points of the pre-operative MRI cortical surface.
However, the closest point on the pre-operative cortical surface depends on the amount of brain shift and location of the electrodes on the post-operative cortical surface, which may substantially mislocalize the electrode positions. To the best of our knowledge, no automatic approach for the localization of the depth electrodes in the pre-operative MRI volume has been developed yet.
In contrast, we propose a novel method of projecting strip electrodes onto the pre-operative cortical surface in a direction normal to the strip plastic sheet. Furthermore, after alignment of all of the strip/grid electrodes, we estimate a volumetric displacement field based on the displacement of strip/grid electrodes, and we then adjust the position of depth electrodes accordingly. To assess the accuracy of electrode localization with our method, we utilized 2D intra-operative photographs by projecting electrodes from the 3D CT space onto the 2D photo space and then measure the distance between the projected electrodes and the actual corresponding electrodes that have been placed onto the 2D photo space [13, 37, 38] . In addition, we propose a novel approach by which we can visualize a range of anatomical structures (along with the electrodes) on a partially transparent cortical surface that will enable the epilepsy surgery team to accurately and easily estimate the distance between the electrodes and the anatomical landmarks (e.g., vasculature, gyri, sulci, or lesions) which are frequently difficult at best to recognize from conventional notes and sketches (Fig. 1 ). This will aid the surgery team in orienting to the correct seizure onset zones, eloquent cortical areas, and WM pathways in the brain.
Here, we present a novel method for electrode localization and describe validation experiments that assess the accuracy of our electrode localization approach (section "Materials and methods"). Specifically, we describe the results of our study in ten epileptic subjects and compare our localization accuracy with that of previously described techniques (section "Results"). Furthermore, we discuss the potential role of improved electrode localization in achieving better surgical outcomes for children with intractable epilepsy in the future (section "Discussion").
Materials and methods
Ten patients (12.7 ± 4.2 years, 5 males and 5 females) with pharmacologically intractable epilepsy participated in this study. This HIPAA-compliant study was approved by our Institutional Review Board (IRB). Five to seven days before the iEEG was administered, structural T1-weighted images were acquired from the subjects using a 3T MR scanner (Siemens, TrioTim), with voxel size of 1.0 × 1.0 × 1.0 mm 3 , repetition time (TR) = 2.5 s, echo time (TE) = 2.2 ms, and field of view (FOV) = 220 mm. To determine the electrode positions with respect to the surrounding brain anatomy, 
Electrode characteristics
Stainless steel or platinum-iridium alloy electrode disks (4 mm dia.) are arranged in a grid (8 × 8, 8 × 4, or 8 × 2), strip (8 × 1, 6 × 1, or 4 × 1), or 8-10 cylindrically shaped contact depth electrodes (AdTech, Racine, WI, USA). The interelectrode spacing is 10mm in strips/grids and 5mm in depth electrodes. After implantation, the strips and grids are sutured to the dural membrane. In addition, a head wrap bandage is used, in part to limit movement during iEEG monitoring.
Localization of electrode positions
This section explains our algorithm for localizing electrodes in CT and for projecting them onto the pre-operative MRI cortical surface. The alignment of the electrodes to the preoperative MRI is achieved through a sequence of analytical steps (Fig. 2) .
Initial rigid body CT/MRI registration
Initial alignment of the post-operative CT to the pre-operative MRI is carried out to bring most of the anatomy into alignment and to provide an initialization for the search for nonrigid displacements. Following the craniotomy and placement of the electrodes, most of the skull bone and brain tissue have undergone only a rigid body transformation. This allows a rigid body transformation compensating for translation and rotation in space to be efficiently computed. This calculation needs to be robust to the presence of nonrigid displacements of the craniotomy and some of the cortical surface. We carry out rigid registration of the CT to the MRI using maximization of mutual information [39, 40] . In practice, robust registration is readily achieved using a careful optimization of registration parameters using Powell's method [41, 42] together with dense sampling of intensities from the MRI and CT using Insight Toolkit (ITK) libraries in a multi-resolution framework. Our mutual information estimation is based on Maes' technique which uses trilinear partial volume distribution interpolation to update the joint histogram for each voxel, which results in a smoother behavior of the registration criterion compared with nearest neighbor or trilinear interpolations [43] . Initial rigid body alignment is computed by alignment of the geometric centers of each image. If the CT was acquired with gantry tilt, then this is eliminated by affine transformation of the CT.
Electrode localization on CT
As electrodes have higher intensity than the surrounding brain tissues in the CT images, we apply a threshold to extract all the electrodes and attached wires. The appropriate threshold was determined by calibration across a retrospective set of patient CT scans. To remove any unnecessary wires, we erode the thresholded binary image with a spherical kernel of radius one voxel (Fig. 3) . Next, the center of mass of each connected component is calculated to determine the center of each electrode. Since depth electrodes are smaller than strip/grid electrodes, the former may be removed after the morphological filter is applied. In this scenario, we check each connected component and then restore any depth electrodes that were erroneously removed by the morphological filtering. In Table 4 , we present the evaluation of the accuracy of this electrode detection and localization procedure.
Cortical surface estimation
In order to localize the subdural strip/grid electrodes on the pre-operative cortical surface, we first need to estimate the pre-operative cortical surface and, then, project the electrode centers extracted from CT onto the pre-operative MRI cortical surface. It is not sufficient to project to the convex hull of the brain. In fact, it is necessary to project to the nearest surface of the hemisphere or lobe of the brain on which the electrodes are placed. The placement of electrodes in the interhemispheric fissure involves the placement of electrodes on the surface of the brain, but in a location where surrounding anatomy obscures their visualization. They are more easily visualized if the hemisphere not involved is removed from the visualization, exposing the buried surface of the remaining hemisphere for straightforward visualization. To this end, we utilize the Local MAP PSTAPLE algorithm 1 with default parameters [44] [45] [46] , to produce the pre-operative MRI brain parcellation, as shown Fig. 4 : Row 1, remove the anatomical regions obscuring the electrodes after projection, e.g., left/right hemisphere or cerebellum, combine the remaining parcels into one binary image, and then smooth the binary image using a closing filter with a spherical kernel of radius three voxels. The parcellation can be completed once the If we use the total brain cortical surface containing the cerebellum, some of the electrodes are wrongly projected on the cerebellum (left). To solve this, the cerebellum is removed to correct the projection (right). (Row 3) Since the red 8 × 8 grid is inserted between two hemispheres, its location is not clearly identifiable (left). To project the grid on the right hemisphere, the left hemisphere is removed so that the grid is projected on the parietal lobe of the right hemisphere (right) Fig. 5 The extracted electrodes (blue spheres) in the CT image are displaced in a direction normal to the plastic sheet (brown surface) and then projected onto the smoothed cortical (pink) surface. The extracted electrodes (blue spheres) will be localized onto the MRI cortical surface (green spheres) pre-operative MRI image is acquired which is usually a few days before Phase II. Fig. 4 : Row2 illustrates an 8 × 2 grid pushed between cerebellum and the temporal lobe during implantation. We removed the cerebellum and projected the grids onto the temporal lobe surface so that the electrodes are correctly projected under the temporal/occipital lobe and can easily be seen. Further, Fig. 4 : Row 3 shows an 8 × 8 grid inserted between two hemispheres, and the left hemisphere was removed to project the grids on the smoothed right hemisphere surface.
Projection of grids on the cortical surface
Grid electrodes are mounted on a thin sheet of plastic, which is placed on the cortical surface during implantation. In order to project the electrode back on the cortical surface before craniotomy, we first calculate each electrode center, as described in "Electrode localization on CT" section. Next, we estimate the pre-operative cortical surface using the brain parcellation of the T1-weighted image into a single binary image as in "Cortical surface estimation" section. Finally, we displace each electrode in a direction normal to the plastic sheet [16] and, then, project it onto the smoothed cortical surface (Fig. 5) . Since brain shift is not an isometric deformation (i.e., distance preserving), the distance between each pair of electrodes may not be preserved after the projection is complete.
Projection of strips on the cortical surface
In Hermes et al. [16] , the electrodes are projected onto the nearest points on the cortical surface. However, the closest point on the pre-operative cortical surface depends on the amount of brain shift and location of the electrodes on the post-operative cortical surface, which might dramatically change the electrode projection and can result in an incorrect projection. In contrast, we project the strip electrodes in a direction normal to the plastic sheet onto the smoothed cortical surface. However, the strips consist of only a single row of electrodes for which the normal vectors cannot be determined (as in a grid). Despite this, we are able to approximate the appropriate normal direction, since the narrow, rectangularshaped plastic sheet with the electrodes is only bent in one direction and was twisted only slightly during the implantation (Fig. 6 ). This suggests the implanted strip electrodes are roughly located in a plane, P, which is perpendicular to the rectangular plastic sheet, and passes through line l, effectively connecting the electrode centers (Fig. 6) . Thus, Plane P should have the minimum sum of distances from all electrodes
where dis (P, e i ) determines the Euclidean distance between plane P and electrode e i . We utilize the linear least-square method to minimize the functional in Eq. (1) and fit a plane to the strip electrode centers, that is,
where
T are the parameters defining plane P, e i = e i x , e iy , e iz are the coordinates of electrode e i , and
The plane parameters are d = A + b, where
A T is the pseudo inverse of A (Fig. 6) . Residuals of strip electrode distance from the plane P are demonstrated in Table 2 for all the patients participated in this study. As seen, the mean and standard deviation of the residual distance for plane P is 0.55 ± 0.56 mm, which shows the electrodes are roughly located on a plane. Now, we only consider the normal vectors in plane P, which are perpendicular to line l, and obviously normal to the plastic sheet. This yields two normal vectors in two opposite directions at each electrode location on the plastic sheet, e.g., n + e i and n − e i at electrode Fig. 6 (Row 1) Strip electrodes e 1 , . . . , e 6 (blue circles) are mounted on a narrow rectangular plastic sheet which is bent in one direction during implantation. The hypothetical dashed green line l on the plastic sheet connects the centers of the electrodes (left). Due to the rectangular shape of the plastic sheet, the electrode centers are roughly located on one plane, P, even after the strip is bent; this plane is estimated using the linear least square method (middle). The two normal vectors, n + e i and n − e i , are in plane P and perpendicular to both line l and the plastic sheet, which show the projection directions. (Row 2) illustrates the projection of a 6 × 1 strip array onto the MRI cortical surface using the proposed method. First, the CT image is registered on the MRI image, and then, the electrode centers on the CT image (blue spheres) are displaced in direction normal to the plastic sheet which can be distinguished as a dark line connecting the high intensity electrodes on the CT image. As seen in the MRI image, the electrodes are accurately projected on the MRI cortical surface before craniotomy (green spheres) e i . Next, we displace each electrode in the normal directions (n + 
Estimation of depth electrode displacement
Depth electrodes are guided through the craniotomy and cortical surface into subcortical targets, and unlike strip/grid electrodes, the depth electrodes cannot be projected onto the smoothed cortical surface. In order to determine their displacements, we estimate a volumetric deformation field between the CT and MRI based on the displacement of strip/grid electrodes. Let E = (e 1 , . . . , e N ) be the centers of the N strip/grid electrodes in the CT image, and E = (ē 1 , . . . ,ē N ) be their corresponding projections on the smoothed cortical surface as estimated in the previous steps. These two sets can be considered as two sets of landmarks selected on the two images. Our goal is to approximate the deformation field f : R 3 → R 3 such that e i = f (e i ) (i = 1, . . . , N ) . One can simply estimate the deformation field and the displacement of each point under the cortical surface using distance-weighted averaging [47] . Let x be a depth electrode center in CT under the cortical surface; the assigned weight to x with respect to e i is modeled with a Gaussian kernel as,
where w i (x) is the assigned weight, which depends on the Euclidean distance between x and e i , and σ 2 determines the regularization of the deformation. Finally, the location of x before craniotomy,x, is calculated as,
which is the barycenter of all the strip/grid electrodes in the MRI image coordinates based on the assigned weights in Eq. (5).
Method of assessing strips/grids alignment accuracy
The 2D intra-operative photographs depicting the strip/grid electrodes on the cortical surface are used to measure the localization accuracy [16, 18, 26, 38] . The photographs were taken by a digital camera with a deflectable LCD screen placed perpendicular to the exposed cortex. The quality of the photographs was controlled on the LCD screen. We measure the localization accuracy by projecting the electrodes from the 3D MRI coordinate system onto the 2D intra-operative photograph coordinate system. The distance between projected electrodes and their actual, corresponding electrodes on the photograph is measured as the spatial accuracy. First, we select various anatomical landmarks including the gyri and sulci that appear on both the 2D photograph and the 3D MRI cortical surface. We can now utilize these landmarks to project electrodes onto the photo space in the following manner:
1. A 3×4 camera projection matrix P is calculated using the 2D photograph and 3D cortical landmarks based on the normalized direct linear transformation method (DLT) [48, 49] . 2. The electrode centers are projected from the 3D MRI coordinates onto the 2D photo coordinates. Letē i = ē i x ,ē iy ,ē iz be the coordinates of an electrode on the smoothed cortical surface, and t i = t i x , t iy be its projection onto the 2D photo space. This projection is
3. The accuracy is defined as the mean of the Euclidean distance between the actual electrodes in the 2D photograph and their projections (t i 's) from the MRI into the 2D photo space. Perfect alignment would lead to this distance being zero.
In contrast to our method that utilizes the anatomical landmarks to estimate the camera projection matrix P, previous work has utilized [20, 26] all, or a subset, of the visible electrode locations to estimate matrix P. This estimation is errorprone, however, as the accuracy of the electrode locations (Ē) on the smoothed cortical surface is unknown and cannot be used to determine P. If the electrode location on the cortical surface is not accurate, this leads to an inaccurate camera projection matrix, which, in turn, produces an inaccurate error estimate.
Results
Ten patients (12.7 ± 4.2 years, 5 males and 5 females) with pharmacologically intractable epilepsy participated in this study (Table 1) . T1-weighted images were acquired from each subject before craniotomy, along with CT scans acquired within 48h of implantation. We extracted the cortical surface, brain parcellation, and suspected lesions from the MRI images. Next, we applied our method of extracting the electrodes in CT and projected them on the MRI cortical surface. Last, we validated the spatial accuracy of our method based on the intra-operative 2D photo, as described in "Method of assessing strips/grids alignment accuracy" section.
Spatial accuracy
We selected between 12 and 16 anatomical landmarks on the gyri or sulci of each subject and then determined the camera projection matrix based on landmarks identified. Table 2 shows how our method creates a unique electrode localization profile (including degree of accuracy) for each study subject.
In total, 385 electrodes were visible in the intra-operative photographs. The average electrode localization accuracy was 1.31 ± 0.69 mm, which is sufficiently accurate for surgical planning. This accuracy is superior to those obtained with state-of-the art techniques in the literature (Table 3 ). The average spatial accuracy for subjects, S3, S5, S6, S7, and S10 with 8 × 2 grids, was 1.56 ± 0.80 mm and, yet for the subjects with only 8 × 8 or 8 × 4 grids, was 1.14 ± 0.61 mm. This shows that the 8 × 2 grids have moved after implantation, as they are not sutured in place, as opposed to the 8 × The number of visible electrodes in the photos, C3-C5: min, max, and median of the error (mm), C6: mean ±SD of the error (mm), C7: Residuals of strip electrode distance from the considered plane P (mean ± SD mm) as described in "Projection of strips on the cortical surface" section identified the center of each electrode in the CT scan and measured the distance between the center of the electrode identified manually and by our algorithm. The accuracy of localization of 1,002 electrodes in 10 subjects is presented in Table 4 .
Execution time Table 5 shows a breakdown of each task in the pipeline and the estimated amount of time needed to complete each step. The localization of electrodes on the cortical surface is very straightforward and does not exceed 13 min. However, the depth electrodes might sometimes be removed by the morphological filter, which needs the user to add them back manually, which usually takes less than 5 min depending on the number of the eliminated electrodes.
Illustrative case
In order to qualitatively measure the effectiveness of our electrode localization method, we compared our localization results with the preliminary sketches provided during electrode implantation in the OR. However, due to inaccuracies in ratio of brain vs. grids, or the movement of strips/grids after implantation [13] , identification of the relation in location of landmarks versus electrodes is difficult. Figure 8 was presented as the sketch illustrating the electrode locations after implantation. As shown in the sketch, the red and green 8 × 2 grids are placed on the inferior and middle temporal gyri. However, based on the results of intra-operative photos, the red and green grids should be shifted upward such that the superior temporal gyrus would be covered. Our method localized the red and green grids on an area that encompassed the both inferior and middle temporal gyri as well as the superior temporal gyrus. Also, note the tip of the red grid is located on the supramarginal gyrus (Fig. 8) . These results indicate that our approach provides improved grid localization and supplementary information to confirm that the sketch is correct.
The vasculature visualization
Neurophysiologists most often use sulci/gyri landmarks to orient to the correct strip/grid electrode locations. However, because the sulci/gyri can be difficult to distinguish on the Fig. 8 The primary sketch presented by the neurophysiologists shows the red and green grids covering only the inferior and middle temporal gyri (left). By contrast, our localization method localizes these areas of the brain as well as the superior temporal gyrus (right) Fig. 9 Clinicians can orient to the correct electrode locations (green) using the vasculature (red), reducing the potential for surgical injury to blood vessels during the implantation of electrodes cortical surface, especially in case of repeat surgeries, developmental abnormalities, and with a small size of craniotomy, accurate electrode localization can be challenging, if no additional information is available. Under these circumstances, surface vasculature, mostly venous, is used in epilepsy planning as alternative anatomical landmarks for electrode localization, as surface vasculature is easier to distinguish than other landmarks. Furthermore, blood vessels coursing under the cortical surface can serve as important fiducials that help to ensure accurate depth electrode localization in some of the deepest recesses of the brain where seizure activity may be taking place. Specifically, we extracted and enhanced the vasculature from magnetic resonance angiography (MRA) images and then projected it onto the cortical surface along with the electrodes, which takes less than 5 minutes. In this way, neurophysiologists can compare the utility of the vasculature landmarks to the sulci/gyri in terms of electrode localization (Fig. 9 ). In addition, during electrode implantation, the surgeon's ability to visualize the vasculature reduces the likelihood of surgical injury to blood vessels that are underneath the skull, and thus hidden from view. This visual information is especially critical as the surgeon endeavors to cover more cortical area by pushing the strips/grids on the cortical surface under the skull and through to the edges of the craniotomy. The ability to visualize both seen and unseen blood vessels also has clear implications on the surgeon's role in minimizing the risk of hemorrhage and stroke during surgery and postoperatively.
Lesion visualization
Brain lesions are most often found underneath the cortical surface, which makes it hard to estimate their position and extent with respect the electrodes. In addition, in patients with a previous surgery cavity, location of the electrodes in relation to the cavity margins is very important to estimate the extent of resection needed to achieve therapeutic goals: especially, freedom from seizures, with limited adverse neurological side effects, and improved quality of life. However, the location of the electrodes in relation to the lesions and the cavity margins cannot be easily estimated from the sketches or radiographic images. To this end, we segment the lesions or the previous surgery cavity from structural MR images [50] before craniotomy and then render them with a partially transparent cortical surface along with the electrodes. Then, the surgical team can assess the various electrode positions relative to the lesions or the cavity margins and, last, estimate the extent of resection (Fig. 10) . The lesion detection takes about 2h and can be completed once the T1-weighted image is acquired which is usually few days before the electrode implantation (Phase II). Figure 11 (left) illustrates two 8 × 4 and 8 × 2 grids along with parcellation of the cortical surface, which provides useful structural and functional information that guides surgical planning. We can map functionally critical cortical areas that are localized using functional MRI on the cortical surface (Fig. 11right) or on WM pathways to investigate the functional and structural changes in the brain due to lesions or ongoing seizures. Figure 11 (middle) shows the optic radiations nearby a focal cortical dysplasia (red).
Discussion
Our method of electrode localization offers precise and reliable information about the areas of the brain where the electrodes are placed during implantation, in conjunction with an improved visualization of the location of normal function. The successful application of the approach we have described may ultimately enable more accurate surgical planning and could thus significantly improve patient outcomes by facilitating a reduction in the number and frequency of seizures as well as fewer neurological deficits postoperatively.
In our proposed method, after alignment of the postoperative CT with the pre-operative MRI, the grid electrodes are projected onto the cortical surface in a direction normal to the plastic sheet at the position of each electrode. For the strip electrode projection, we define a unique normal by determining a plane through minimizing the sum of the squares of distances between the strip electrodes and the plane. Next, we displace each electrode in this plane in a direction normal to the plastic sheet. However, this method cannot be employed for the depth electrodes since they are not projected onto the cortical surface, as are the strips/grids. Therefore, we estimate the volumetric brain shift based on the displacement of the strips/grids and then calculate the displacement of the depth electrodes. Previous studies, however, do not estimate the depth electrode displacement after brain shift [20, 26] . Further, during implantation, the strips/grids are usually bent while being pushed underneath the skull, or occasionally, the surgeon cuts them into smaller grids. Nonetheless, our method accurately localizes the electrodes, despite the strip/grid electrodes being cut or bent during implantation.
We validated the localization accuracy of our method on ten epileptic patients using intra-operative photographs. We report accuracy of 1.31 ± 0.69 mm for all 385 visible electrodes, which is superior to localization errors reported in the previous studies (Table 3) . Further, our validation shows that the spatial accuracy of subjects with grids (e.g., 8×8) sutured in place is greater than the spatial accuracy of subjects with strips/grids not sutured in place, which are also more likely to move after implantation. However, our method has two primary limitations: (1) certain depth electrodes might be erroneously removed after the morphological filter step; and (2) overlapping electrodes might be connected and considered as a single electrode after the thresholding step. In cases such as these, electrode centers must be manually selected on the CT image, a process that takes a few minutes for each subject.
Accurate localization of iEEG electrodes in the brain is crucial for planning of a resection in pediatric epilepsy. Further, visualization of critical anatomical landmarks, functionally eloquent cortex and WM pathways, enables clinicians to rapidly integrate the diverse information that is crucial for the assessment of a surgical resection plan. This information is not readily integrated through sketches and radiographic images that are routinely used. Indeed, without this critical anatomical information and precise localization of electrodes, the functional consequence of a planned resection margin is challenging to assess [51] and thus limits the utility of pre-operatively images for surgical planning [52, 53] . Such assessments are crucial in meeting key treatment goals, namely, to reduce or eliminate the frequency and severity of seizures and to minimize the likelihood of post-surgical neurological deficits. The techniques we described 2 enable us to visualize lesions, vasculature, and electrodes on a partially transparent cortical surface along with a brain parcellation which provides useful structural and functional information that may also guide surgical planning. This information combination and image fusion enable the neurologists and neurosurgeons involved in each case to recognize critical structural and functional landmarks of the brain, which might facilitate surgical planning.
In future work, we will address the infrequent need to manually segment certain depth electrodes. The use of a local adaptive threshold filter will be investigated for depth electrode segmentation, in order to reduce the effect of the intensity variations in CT images around strips/grids and the depth electrodes, and prevent incorrect depth electrode removal. Further, a morphological filter with adaptive kernel size will be utilized rather than a constant kernel size, which more likely preserves the depth electrodes. In addition, the prior information about the number of each electrode type implanted for each subject may be incorporated in the electrode segmentation process.
